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A B S T R A C T 
The bactericidal and photocatalytic activities of transparent anatase RM- and SG-Ti02 
thin films on soda-lime glass prepared using reverse micelle and sol-gel methods 
respectively, were just examined. The films were characterized by X-ray 
photoelectron spectroscopy, atomic force microscopy, X-ray diffraction and 
UV-visible spectrometry. Both films exhibited significant bactericidal activity 
towards three strains of E. coli, namely DH5a, JM109 and XLl Blue M R F under U V 
irradiation. Results of photocatalytic activity measurements suggest that the 
RM-Ti02 film is a better photocatalyst than the SG-Ti02 in gaseous phase oxidation 
but their activities in aqueous phase are about the same. 
In the second part of the study, a dye-sensitized titanium dioxide film containing 
copper(II) phthalocyaninetetrasulfonic acid (CuPcTs) was prepared. Its bactericidal 
effect under visible light irradiation was measured. Experimental results indicate 
that the film under visible light irradiation inhibits the growth of 五.coli DH5a. The 
bactericidal efficiency is dependent on the coverage of TiO? films. A possible 
mechanism for the photodegradation of bacterial cells by visible light irradiated Ti02 
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C H A P T E R 1 I N T R O D U C T I O N 
1.1 Fundamental ofTiOz 
The use of TiO: as photocatalyst began by the discovery of the first 
photoelectrochemical cell for water splitting, i.e. 2H2O -> 2H2 + O2, reported by 
Fujishima and Honda in 1972] Since then, the use of Ti02 photocatalyst has been 
extensively investigated for the degradation of hazardous and toxic organic 
compounds such as trichloroethylene (TCE)^ '^  and aromatic compoimds.^ '^ ^ Some 
of the studies reported the mechanism of photodegradation by TiO�，the details of 
which are discussed below. 
Titanium dioxide exists in amorphous form and three crystalline forms. Its 
crystalline forms are anatase, mtile and brookite. For its various crystalline forms, 
the photocatalytic activity of anatase has been shown to be the highest and it has 
been studied extensively. The bandgap of anatase is 3.2 eV, upon irradiation of U V 
light with wavelength less than 387.5 nm, the electrons in the valence band of TiO! 
are excited to the conduction band, forming the conduction band electron, e—cb and 
the valence band hole, h' vb-^ ^ The primary mechanism can be represented by the 
following equations: 
1 
Ti02 + hv 今 e"cb + h\b 1-1 
At the Ti02 surface, the holes react with either H2O or OH" from water dissociation 
to form O H as follows: 
h'vb + H2O O H + H— 1-2 
h'vb + OH— + O H 1-3 
An additional reaction may occur if the electron in the conduction band reacts with 
O2 to form superoxide ions (02 ~) as follow: 
e—cb + O2 + O2.— 1-4 
The 02._ can then react with H2O to provide additional OH, 0H_ and O2 as 
follows: 
2O2.- + 2H2O H2O2 + 2 O H ' + O2 1-5 
2 
H2O2 + e—cb O H + OH" 1-6 
The OH— can then react with hole in the valence band as shown in equation 1-3 to 
form additional OH. A simplified Ti02 photocatalytic mechanism is summarized 
in Figure 1.1. 
Conduction Band ^ At 
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Figure 1.1 Simplified Ti02 photocatalytic mechanisms under U V light irradiation. 
The reactive oxygen species (e.g., O2 ", HOO., and/or .OH radicals) can then attack 
organic compounds, to oxidize them to form carbon dioxide. This is the working 
principle of TiOi in environmental remediation. 
3 
Solar energy is an inexhaustible energy source, however, the proportion of U V light 
in the solar spectrum is very low (less than 5%), making it difficult to be utilized for 
the photodegradation unless long contact time and strong light intensity are available. 
To increase the efficiency of visible light irradiated TiO�，researchers have modified 
the Ti02 photocatalyst to become photosensitized Ti02 which can utilize the sunlight 
for activation and generate the strong oxidizing species. The sensitizer used is 
typically a dye compound that is adsorbed on the TiO: surface, where the dye has 
high absorption in the visible spectrum. Photosensitized degradation of organic 
compounds based on dye-sensitized Ti02 films has been developing rapidly, 
which is of significant importance in the future, especially for the effective utilization 
of visible light. The principle of photosensitization of Ti02 is illustrated in Figure 
1.2, which indicates the primary electron pathways.〗^ The details of the mechanism 
will be discussed later. 
。2 + 
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Figure 1.2 Simplified TiO〗 photocatalytic mechanisms under visible light irradiation. 
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1.2 Application ofTiOz 
(a) Photodegradation of organic compounds 
The use of semiconductors in photocatalysis for the removal of pollutants has 
attracted a great deal of attention over the past decades. Among the semiconductors 
that have been studied, titanium dioxide, TiOa has been shown to be the most 
effective photocatalyst for environmental remediation.^ '^ 26.28 Commercial products 
for environmental remediation are being used nowadays. For example, a prototype 
photocatalytic system for the purification of air indoors and in cars was made by the 
company Toyota in Japan.^ ^ It has also been suggested that a thin layer 
semiconductor photocatalyst, dispersed on an inert support such as window glass, 
ceramic tiles or a honeycomb carbon monolith could be used as photoactivated 
deodorizers in the kitchen and bathroom, as well as in a car. ^ ^ Indeed, Japan's 
largest bathroom fixture producer, TOTO is currently selling photoactive Ti02-coated 
ceramic tiles for this purpose.〗。 
Photodegradation processes have been examined closely for several organic 
substrates, e.g. halogenated aliphatics and aromatics,^ ^ phenol and substituted 
p h e n o l s ,32 surfactants,and dyestuffs^ among others. Several intermediate 
products have been identified and (in some cases) quantified, and plausible process 
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pathways inferred. Some of the photodegradation processes were studied in the gas 
phase37,38 while some of them were studied in liquid phase.^ ^ 
(b) Bactericidal effect 
There are many circumstances where it is necessary or desirable to remove or kill 
microorganisms found in water, air, on surfaces, or in a biological host. 
Disinfection of water is required for direct human consumption as well as in the 
production of products to be consumed by human or animals. Disinfection requires 
the removal or deactivation of pathogenic bacteria, viruses, protozoa or fungi. This 
is a particular challenge in rural areas of developing countries. The most widely 
used methods in developed countries are chlorination and ozonation, but germicidal 
lamps (low pressure mercury vapor lamps emitting at 254 nm) are being evaluated 
and used on a large scale.4o’4i Disinfection of air is required in medical facilities, in 
production processes where biological contamination must be prevented, and in 
facilities that raise or care for experimental animals and plants that may be sensitive 
to infectious agents. This can be accomplished by the use of germicidal lamps*? or 
size exclusion filters (high efficiency particle air, HEPA, filters).*] Surfaces can be 
disinfected by ozone exposure, irradiation with U V light, washing with disinfectants, 
or application of heat.44 Some of the common methods used for disinfection are 
6 
summarized in Table 1.1 and compared with the modes of action proposed for TiO! 
system. 
Table 1.1 Modes of microbe removal or killing action for various disinfection 
methods. 
Method O H 02 ",H202 CI hu Adsorption Trapping 
U V (245 nm) V 
Chlorine V 
Ti02 (300-380 V V (a) •si (b) 
nm) 
Ti02 (254 nm) a/ a/ V V (b) 
HEPA Filter V 
(a) Near ultraviolet light may have some killing effect on sensitive organisms. 
(b) In some catalyst configurations the titanium dioxide layer may act as a particle filter. 
There have been many studies of the mechanisms for killing of the cells by 
conventional methods.^’ 45"48 por example, irradiation from germicidal lamps, 254 
nm, results in cross linking of thymine groups in DNA; free radicals such as the 
hydroxyl radical, OH, can result in D N A strand breakage or initiate autoxidation of 
7 
lipids or other cell components. 
Current disinfection technologies rely on chemical or photochemical induced damage 
or physical removal by filtration. However, they have their limitations. For 
chlorination and ozonation, carcinogenic disinfection byproducts (DBFs), such as 
trihalomethanes (THMs) and bromide may be generated respectively. For U V 
disinfection, the process may not be effective enough as some bacteria have mutated 
and developed resistance toward U V light.45’ 48 Additionally, low doses of U V must 
be used since U V is carcinogenic to human beings. Therefore, modifications of the 
old methods or alternative methods should be introduced. 
In addition to the photodegradation of organic substrates, TiO: can also be used for 
the photodestruction of cancer cells"^ ,^ bacteria^ ® and viruses. ^^ Since all organisms 
contain organic components, it is not surprising that the oxidizing species generated 
on the Ti02 surface upon U V illumination can kill the cells or the viruses in contact. 
Therefore, the working principle for the photobiocidal effect of TiO】 is basically the 
same as that for the photodegradation of organics. 
As seen in Table 1.1, the photocatalytic methods using U V and TiO〗 are unique in 
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having several modes of action that can be used for disinfection. This is an 
advantage because while all life forms are sensitive to damage to D N A 
macromolecules, they may evolve defense and repair mechanisms to overcome 
photochemical and oxidative damage. If TiO: and U V have different modes of 
action for disinfection, there will be a higher chance of killing the pathogenic 
organisms completely. There are many potential applications of the Ti02 
photocatalytic system in degrading pollutants as well as killing the bacteria. For 
example, it can be used in air filtering systems in the hospitals in order to degrade 
volatile organic compounds (VOCs) and at the same time, kill bacteria in the gaseous 
environment. It can also be used to kill bacteria including Vibrio in the fish tanks of 
restaurants, thus minimizing the risk of infection for the fishes and hence preventing 
sickness from eating the infected fishes. Therefore, there are many important 
reasons to study the bactericidal effect of TiOi and this is the aim of this research 
project. 
Ti02 photocatalyst is widely used for the degradation of organic and inorganic 
pollutants. However, only recently that has there been investigation of the 
bactericidal properties of the photocatalyst under laboratory conditions and 
solar-assisted systems. The first report of microbiocidal effects of TiO! was from 
9 
Matsunaga et al. in 1985.^ ^ They claimed that the photoelectrochemical 
sterilization of microbial cells by semiconductor powder could be achieved in 60-120 
min under metal halide lamp irradiation in the presence of TiOa/Pt. Later, the same 
group of researchers constructed a photochemical device and applied the 
immobilized Ti02 to kill the E. coli completely.^ ^ The inactivation of coliforms and 
poliovims 1 was studied in secondary wastewater effluent containing suspensions of 
Ti02 by Watts et al in 1994.54 Wei et al investigated the effects of photocatalyst 
concentration, light intensity and gas composition and confirmed the results of 
Matsunaga et al (1988).^ ^ Rapid E. coli cell death was reported in dechlorinated 
water samples devoid of significant radical scavengers by Ireland et al in 1993.56 
Improvement of the photocatalytic system by iron addition was studied by Sjogren 
and Sierka in 1994 with phage MS2. The mechanism of viral degradation was 
explained by oxidation via the attack of hydroxyl radicals with Fenton reaction 
e n h a n c e m e n t . In 1995, Matsunaga and Okochi constructed a system for 
photocatalytic disinfection of E. coli using diffuse light emitting optic fibres.^ ^ The 
optimum conditions reported were 2 h light irradiation, 60 mEinstein/sm^ light 
intensity and over 0.4 |ag/mL Ti02. After the above studies, researchers started to 
investigate the mechanisms of the bactericidal mode of TiO?.*?，57-58 
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1.3 Scope of work 
Most of the studies examining the bactericidal effect of TiO〗 used a conventional 
powder photocatalyst, commonly Degussa P25, which introduced the practical 
problem of separation after disinfection. In order to solve this problem, 
immobilized TiCh or Ti02 thin films were prepared and used for study in recent 
years.50’ 53，59-61 
The research work was divided into two parts. In the first part we use sol-gel 
method 72, ” and reverse micelle method K ” to prepare two types of transparent 
Ti02 thin films, called SG-TiCh thin film and RM-TiO】 thin film respectively. The 
as-prepared Ti02 thin films were characterized by X-ray photoelectron spectroscopy 
(XPS), atomic force microscopy (AFM), X-ray diffraction (XRD) and UV-visible 
spectrophotometry. The RM-TiCh is believed to exhibit a higher photocatalytic 
activity for the degradation of organic compounds in the gas phase than the SG-TiO〗. 
76 Therefore, the bactericidal effect of the two types of Ti02 films under U V 
irradiation are tested and compared. The bactericidal activities of the samples were 
evaluated by the inactivation of three strains of E. coli namely DH5a, JM109 and 
XLl Blue M R F ' based on the decrease in the colony of E. coli formed on the agar 
plate. 
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On the other hand, most of the research works on titanium dioxide or its metal-doped 
compounds as bactericidal media utilized U V light irradiation，58’ 6o’ 6i As 
mentioned before, U V light is harmful and carcinogenic to human beings and 
requires a supply of energy. However, U V light has to be used in order to activate 
the TiOi to generate the oxidizing species. The problem can be solved by replacing 
U V light with visible light, and modifying the TiO: to photosensitized TiCh. One 
kind of sensitizer that can be used is dye compounds because most of dyes are 
colored, meaning they can absorb visible light. Sensitized photocatalysis has been 
successfully applied to degrade dye pollutants.^ '^ With visible light excitation 
of adsorbed dyes, electron transfer from the excited dye to the conduction band of the 
semiconductor occurs and subsequent transformation of dye cation radical is possible. 
Some of the dyes may be degraded easily by the oxidizing species generated by Ti02 
under visible light irradiation, while some of them are stable in such conditions. In 
order to use a dye as a photosensitizer, it should be stable and non-degradable. 
Although many have studied photosensitized TiO: using visible light to degrade the 
dye pollutants, no studies have applied the technology to kill bacteria. The 
bactericidal activity of the dye-sensitized Ti02 with visible light irradiation is tested 
in this study. 
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In the second part of the study, a dye-sensitized titanium dioxide film containing 
copper(II) phthalocyaninetetrasulfonic acid (CuPcTs) was prepared and its 
bactericidal activity was measured. It was found that the dye-sensitized titanium 
dioxide films can kill the E. coli D H 5 a bacteria under visible irradiation ( 入 〉 
420nm) effectively and the results also indicate that the bactericidal activity is related 
to the adsorption quantity of the dye on the film. 
W e have found that the bactericidal effect of Ti02 films prepared by the sol-gel and 
the reverse micelle methods are dependent on the structural features of titania, the 
strains of E. coli and the cell concentration. W e studied the photocatalytic activity 
of the SG- and RM-Ti02 films in degrading an organic dye, rhodamine B, in the 
aqueous phase and an organic compound, acetone, in the gas phase to see if there is 
difference. The results show that the RM-TiO〗 film better degrades the acetone in 
the gas phase than the SG-TiO? film. However, the former does not give enhanced 
photocatalytic activity in degrading the rhodamine B in aqueous solution, so the 
enhanced photocatalytic activity of the RM-TiOi film is limited to the gas phase and 
its degradation performance is similar to SG-TiO! film when used in the aqueous 
phase. 
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C H A P T E R 2 DISINFECTION B Y U V IRRADIATED TiOj 
2.1 Introduction 
Bacteria and viruses can be destroyed by a number of different techniques, including 
heat, U V radiation, antibiotics and chemical oxidation. Currently one of the most 
popular chemical oxidants for water disinfection is chlorine. However, as 
mentioned earlier, chlorination, although effective in inactivating bacteria and most 
viruses, generates unwanted disinfection byproducts, such as trihalomethanes (THMs) 
and other carcinogens. As a result, there are already moves within the water 
purification industry to limit the use of free chlorine as a disinfectant for high quality 
groundwater or water treated to reduce its total organic carbon (TOC) content. 
Other disinfection technologies such as chlorine dioxide, ozone, U V irradiation and 
advanced oxidation technology (AOT) are becoming of increasing importance. 
U V irradiated TiO】 generates oxidizing species such as OH, O2 ' and H2O2 which are 
powerful oxidants, so it is one example of AOT. The study of the bactericidal effect 
of Ti02 under U V irradiation began in 1985 by Matsunaga et al? These workers 
were able to show that the TiOj particles were effective in sensitizing the 
photokilling of bacteria, such as Lactobacillus acidophilus, Saccharomyces 
cerevisiae and Escherichia coli’ and that the photokilling action was associated with 
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the reduction in the level of intracellular CoA through photo-oxidation as 
intracellular CoA is important for the electron transfer in the microbial cells.〗〗A 
few years later, reports on the photodestruction of bacteria, viruses and even cancer 
cells by TiO! were published."^ '^^ '^ 54-65 (he majority of cases, the bacterium under 
study was Escherichia coli {E. coli) which can generally be considered as a common 
bacterium, also an easy target bacterium to be destroyed. 55-58，60 Therefore, in 
the present research study, E. coli was used to study the bactericidal effect of the 
Ti02 films. 
Conventional TiO? photocatalyst in the powder form, for example Degussa P25, 
contains about 80 percent anatase and 20 percent mtile and is commercially supplied 
by the Degussa Company and commonly used for research studies. Since, the 
powder form of TiO】 adds an additional procedure of separation after 
photodestruction of the organics or bacteria, there is growing interest in the use of 
thin，transparent films of Ti02 photocatalyst for some applications. Heller and 
coworkers，66-69 and others^ 70-75 have developed several methods for the creation of 
transparent TiO: films. The films are usually created via a sol-gel process in which, 
typically, a titanium alkoxide (e.g. titanium isopropoxide) is hydrolyzed, coated on a 
glass substrate, and calcined at a high temperature (usually 500°C) for a short time.^ ® 
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Such films usually comprise anatase TiOi crystallites of different sizes, the 
crystallites may be individual particles but in most case, they are aggregates of the 
particles, therefore, their sizes range between several nanometers for the single 
particle and several tenth of a nanometer for the aggregates. Layers of TiOi can be 
built up using the sol-gel procedure to produce films approximately 60-100 
nanometer thick, which cannot be abraded by hard objects or washed off by water. 
The Ti02 films prepared by the sol-gel method are called SG-TiO:. 
In order to prevent the TiO? particles in the films from forming aggregates during the 
calcinations process, and to get a highly dispersed nano-crystalline Ti02 film with 
larger surface area, a surfactant is added when the TiOi precursor solution is 
prepared. Triton X-100 is the surfactant used in preparing the precursor solution in 
the reverse micelle method. It is used to control the size and the shape of the 
nanoparticles formed. Upon addition of titanium isopropoxide, hydrolysis occurs 
and the TiCh precursor solution that can prepare TiO】 films with small crystallites is 
made. The Ti02 film prepared by adding surfactant is called RM-Ti02. The 
formation of RM-TiOz films with the method of reverse micelles involves two stages: 
(1) hydrolysis of an alkoxide in a reverse micelle environment and condensation 
before or after deposition of a composite inorganic/organic film on a solid substrate; 
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(2) calcination of the film up to 500。C to bum out all organic content and obtain the 
final mesoporous structure. 
In this part of work, two types of TiCh films are prepared by the traditional sol-gel 
method and the reverse micelle method described above. The Ti02 films are used 
to study the bactericidal effect towards three strains of coli, namely DH5a, JM109 
and XLl Blue MRF', based on the decrease in the colony of E. coli formed on agar 
plate. W e have found that the bactericidal effects of the two types of TiO】 films are 
dependent on the structural features of titania, the strains of E. coli and the cell 
concentration. W e studied the photocatalytic activity of both types of Ti02 films in 
the degradation of an organic dye, rhodamine B, in the aqueous phase (same as that 
for the bactericidal study) and an organic compound acetone in the gas phase 
(different from the bactericidal study) to see if there was a difference in the 
photocatalytic activity between the two types of films. The results show that the 
RM-Ti02 film shows a better photocatalytic activity than the SG-Ti02 film in the 
degradation of the acetone in the gas phase. However, the former does not display 
enhanced photocatalytic activity in the degradation of the rhodamine B in aqueous 
solution, so the enhanced photocatalytic activity of the RM-TiO: film is limited to 
the gas phase and the activity is just similar to the SG-TiOz film when it is used in 
17 
Hie aquepus phase. 
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Titanium isopropoxide was supplied by Acros; Triethanolamine and Triton X-100 
were supplied by BDH; Phosphate buffer solution (PBS) was supplied by Aldrich; 
Agar was supplied by Sigma and Luria Bertani (LB) broth was supplied by USB. 
All chemicals were used as received. Millipore water was used in all experiments. 
2.2.2 Preparation of TiO! films 
The Ti02 thin film preparation by sol-gel method,？二 ” utilizes a precursor solution of 
Ti02. Titanium isopropoxide and triethanolamine were dissolved in absolute 
ethanol and stirred vigorously for 1 h at room temperature. A mixture of water and 
ethanol was then added dropwise to the solution with a dropper under stirring. The 
resultant alkoxide solution was kept stirring at room temperature for hydrolysis. 
The resulting TiO? sol can be used after 2 h. The molar ratio of the reactants was as 
follows: Ti(OC3H7)4 ： C2H5OH : H2O : N(C2H40H)3 = 1 : 26.5 : 1 : 1. Soda-lime 
glass (75 m m x 25 m m x 1.5 m m ) was used as the substrate for coating the TiO? thin 
films by dip-coating method. The withdrawal speed was 4 m m • The glass 
coated with Ti02 gel films was calcined in air at a rate of 10。C / min up to 500°C and 
was left to stay in the furnace at 500°C for 1 h. 
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RM-TiOz thin film was prepared in a similar way, but the composition of reagents to 
prepare the Ti02 solution was different. The method used was reported by 
Stathatos et al.?�” Triton X-100 and water were dissolved in lOOmL cyclohexane 
and stirred vigorously for half an hour at room temperature. Titanium isopropoxide 
was then added to the reaction mixture and then stirred for 2 h. The concentration 
of titanium isopropoxide was 0.5 M and the ratio of Triton X-100 and water was 2. 
The glass coated with Ti02 gel films was calcined in air at a rate of 3°C / min up to 
500°C and was left to stay in the furnace at 500®C for 1 h. 
2.2.3 Culture of Microorganisms 
Cultures of E. coli cells were grown aerobically in 30 m L of Luria-Bertani (LB) 
broth at 37°C on a rotary shaker (170 rpm) for 18 h. E. coli cells were harvested by 
centrifUgation at 6000 x g (4°C) for 5 min, washed and resuspended in 5 m L 
phosphate buffer solution (PBS). Serial dilution of this stock E. co/i-containing 
stock solution with PBS was performed to yield starting concentrations of 10^ 10^ 
and 10)6 colony forming units, CFUml'^ The CPUs were determined by spreading 
appropriate dilutions on duplicate LB agar plates and incubated for 24 h at 37°C, 
after which the number of colonies on the plates was counted. All materials were 
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autoclaved at 121°C for 20 min to ensure sterility. 
2.2.4 Bactericidal activity 
1 m L of the E. coli cell suspension with appropriate CPUs was pipetted onto the 
Ti02-coated glass. The glass was illuminated by a 15 W long wavelength U V lamp 
(Vilber-Lourmat, T-15L) positioned 4 cm above the glass. The light intensity at the 
Ti02 surface was measured to be 0.63 mWcm" at the sample position. This was 
determined by using a U V meter with the peak intensity at 365 run (model U V X 
digital radiometer; U V P Inc., San Gabriel, CA). 
20- or 40- [i\ aliquots of serially diluted suspensions were plated on duplicate LB 
agar plates at 10 min intervals. The plates were then incubated at 37°C for 24 h and 
the numbers of colonies on the plates were counted. 
2.2.5 Photocatalytic experiment to degrade acetone in gas phase 
The measurement of photocatalytic activity of the two types of Ti02 films in the 
oxidation of acetone in air was performed at ambient temperature using a 7L reactor. 
Ten pieces of the TiOz coated glass were put inside the reactor and then a small 
amount of acetone was injected. A photoionization detector (MiniRAE Plus 
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Professional PID) monitored the concentration of acetone in the reactor. The 
acetone vapor was allowed to reach adsorption equilibrium with the photocatalyst in 
reactor prior to an experiment. The initial concentration of water vapor was 
1.2士0.010/). The initial concentration of acetone after reaching adsorption 
equilibrium was 400ppm. The acetone concentration remained constant until the 
reactor was illuminated by a 15 W 365 nm U V lamp (Vilber-Lourmat, T-15L). 
The concentration of carbon dioxide in reactor was determined by a nondispersive 
infrared (NDIR) monitor (Metrosonics aqSll). During the experiment, the 
concentration of carbon dioxide increased with decreasing concentration of acetone 
in the reactor, and a near 3:1 ratio of carbon dioxide formation to acetone 
degradation was observed. Each reaction lasted for 60 min. 
2.2.6 Photocatalytic experiment to degrade rhodamine B in aqueous phase 
Rhodamine B (RB) aqueous solution (initial concentration = 4x10"^ mol dm"^) was 
prepared and 20 ml of the dye solution was pipetted onto a glass Petri dish that was 
either empty or contained one piece of the Ti02 coated glass. A 15 W 365 nm U V 
lamp (Vilber-Lourmat, T-15L) was used as the light source and it was put 1 cm 
above the dye solution. The photocatalytic decomposition of R B was monitored by 
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the decrease of the absorbance at wavelength of 554 run measured by a UV-Visible 
spectrophotometer (Gary lOOScan Spectrophotometer, Varian, U.S.A.) 
2.2.7 Characterization 
X-ray photoelectron spectroscopy (XPS) measurements were performed on a PHI 
Quantum 2000 XPS System with a monochromatic Al-Ka source and a charge 
neutralize!"; all the binding energies were referenced to the Cls peak at 284.8 eV of 
the surface adventitious carbon. 
UV-Visible spectra of films were obtained using a UV-Visible spectrophotometer 
(Cary lOOScan Spectrophotometer, Varian, U.S.A.) The film thickness was 
measured using surface profiler (Alpha-step 500). 
Atomic force microscopy (AFM: Nano Scope 3a, Digital Instrument Inc., Santa 
Barbara, CA) was used to evaluate the surface roughness and morphologies of the 
Ti02 thin films. 
The main phase present was identified and the crystallite size of the TiOi thin films 
was determined by X-ray diffraction (XRD) analysis, which was obtained on a 
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Siemens D5005 X-ray diffractometer using Cu-Ka radiation at a scan speed of 0.400 
sec/step with increment of 0.06° per step. The accelerating voltage and the applied 
current were 40 kV and 40 m A respectively. The crystallite size was calculated 
from X-ray line broadening analysis by Scherrer formula. 
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2.3 Results and Discussions 
2.3.1 Bactericidal activity 
Since the U V source is long wavelength U V and the three strains of E. coli that we 
studied possess the recA gene which is known to be U V resistant,48，82 bacterial 
inactivation by U V light alone in the control experiment (glass without any coating 
of Ti02) does not occur in our experimental set-up. Also, TiO〗 put in the dark does 
not have any bactericidal effect. The bacterial inactivation occurs with U V 
irradiated SG- and RM-Ti02 thin films. 
For the strain ofR coli DH5a at the cell concentration of 10^ and 10^ CFUmr\ 
the survival percentage of the cell on the two types of Ti02 coated glass reached 
near-zero levels after 50 min irradiation. For the cell concentration of 10^ CFUmr^ 
(Figure 2.1a)，the bacterial survival percentage ranged between 80 and 100 percent 
for the first 30 min, which then dropped to 30 percent at 40 min and finally reached 
<10 percent at 50 min of U V irradiation. A similar trend also appeared at cell 
concentrations of 10^ CFUmr' (Figure 2.1b), however, the bacterial survival 
percentage only stayed high for the first 20 min, and then it started to drop and 
reached 40 percent and <10 percent at 30 min and 40 min of U V irradiation 
respectively, and then reached zero at 50 min. For even lower cell concentration at 
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CFUml"' (Figure 2.1c), the cell numbers started to drop at the beginning and 
reached <10 percent after 30 min of U V illumination. 
From the above results, it can be concluded that the time for inactivating the cell 
number of DH5a is dependent on the initial cell concentration. The higher the 
initial cell concentration, the longer the time to lower the survival percentage of 
DH5a. Since the bacterial cell solution was put on the film surface without stirring 
during the experiment was performed, for a higher initial cell concentration, the cells 
are packed closely and only a small part of the cell bodies are in contact with the 
TiCh film surface, so only a small portion of the cells are damaged in the initial stage 
of irradiation. Also the dead cells cannot diffuse away easily from the film surface 
and they just keep contact with the film surface. The chance for the living cells to 
be in contact with the film surface would be lowered. Therefore, the amount of 
living cells relative to the dead cells is high for the first 20 min in the high initial cell 
concentration set-up. (Fig 2.1a, 2.2a and 2.3a) The survival percentage start to drop 
down at 40 min and 50 min as most of the bacterial cells can have the chance to be in 
contact with the film surface as time goes by and a large portion of the cell bodies are 
damaged by the oxidizing species. 
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For lower initial cell concentration, the amount of bacterial cells on the film surface 
are small, the cells bodies can have a larger portion in contact with the TiOi film and 
the stain of the dead cells would not affect the killing of the other living cells, so the 
survival percentage drops gradually according to the time of U V irradiation.^ ^ 
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Figure 2.1 Effect of SG- and RM-TiO? thin films on DH5alpha survival as a 
function of time. Initial concentration (a) 10^CFU/mr\ (b) 
10^CFUmr\ (c) ICytFUml人 Glass(_); SG-Ti02(_); RM-Ti02(_). 
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For the strains ofE coli JM109 and XLl Blue M R F ' at cell concentrations of 10^ 
10^ and 106 CFUml-i，the survival percentage of the cells on the two types of TiCh 
coated glass reached near-zero levels after 50 min of U V illumination. For JM109 
at cell concentration of 10^ CFUmr^ (Figure 2.2a), the bacterial survival percentage 
decreased gradually to 80 and 60 percent after 10 and 20 min of U V illumination 
respectively and reached near-zero levels at 50 min. Similar trends were obtained 
for initial cell concentration of 10^  (Figure 2.2b) and lO"^  (Figure 2.2c) CFUmr^ for 
JM109. The survival percentage decreased gradually as the time of U V 
illumination increased and reached <10 percent for both of the TiCh films at 50 min. 
For XLl Blue M R F ' at cell concentration of 10^ CFUml"' (Figure 2.3a)，the bacterial 
survival percentage for the two types of Ti02 film ranged between 80 and 100 
percent for the first 30 min, which then dropped to 45 percent at 40 min and finally 
reached <10 percent at 50 min of U V irradiation. For initial cell concentrations of 
10^ (Figure 2.3b) and 10^ (Figure 2.3c) CFUml—i for XLl Blue MRF', the two types 
of Ti02 film exhibited different bactericidal behavior in the initial stage of irradiation. 
The SG-Ti02 film lowered the survival percentage of XLl Blue M R F ' by about 45 
percent in the first 10 min while the RM-Ti02 film only lowered the survival 
percentage by 10 percent (Figure 2.3b). Also from Figure 2.3c, similar trend was 
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observed that SG-TiOz film shows a better bactericidal activity than the RM-Ti02 
film in the first 20 min of U V irradiation. When we studied Figure 2.1c again, in 
the first 10 min of irradiation, RM-TiO】 film lowered the survival percentage of 
DH5a by 45 percent while the SG-Ti02 film only decreased the survival percentage 
of DH5a by about 5 percent. Such difference in reactivity of the two types of TiO: 
film towards different strains of E. coli may depend on the strain of E. coli. 
The overall better bactericidal activity for the SG-Ti02 film towards the 
photodegradation of JM109 and especially XLl Blue M R F ' can be explained. The 
SG-Ti02 film has a stronger absorption from the U V light (as seen from Fig. 2.5), so 
more oxidizing species can be generated and be used to kill the bacterial cells when 
compared with the RM-Ti02 film in the initial stage of U V irradiation. In the later 
stage of irradiation, the dead E. coli cells remain on the film surface for both of the 
Ti02 films, so the living bacteria cannot reach the film surface and the difference in 
bactericidal activities of the two types of film are not prominent. 
The size and the shape of the E. coli cells of different strains may be different, and 
this may be responsible for the different bactericidal behavior observed. For short 
irradiation times, different strains of E. coli may have different extents of tolerance to 
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the oxidizing species generated by the irradiated Ti02 film. For an E. coli cell of 
larger size and more regular shape, the surface area of the cell in contact with the 
Ti02 film would be larger, since photodegradation of the bacterial cells occurs only 
when the cells are in contact with the TiOi film, a single cell with larger surface area 
in contact with the TiO〗 film surface would be killed in a shorter time, as the chance 
of the cell being damaged by the oxidizing species would be higher. 
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Figure 2.2 Effect of SG- and RM-Ti02 thin films on JM109 survival as a function of 
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2.3.2 Photocatalytic activity 
Oxidation of acetone in the gas phase using RM-TiO? films was more effective than 
when using the SG-TiO: films. Ten pieces of the TiO】 films can degrade 13 and 3 
ppm of the acetone in one hour for the RM- and the SG-Ti02 films respectively. 
The results for the degradation of rhodamine B in aqueous solution are shown in 
Figure 2.4. Obviously, rhodamine B cannot be degraded by the long wavelength 
U V light irradiation alone. However, with addition of a piece of the RM- and 
SG-Ti02 glass and being irradiated under U V light, the concentration started to 
decrease. The experiment terminated at 40 min of U V irradiation, similar to the 
time for the bactericidal experiment. Both types of the TiO】 films displayed similar 
photodegradation activities toward rhodamine B in aqueous solution. The dye 
concentration decreased by about 30 percent after 40 min. 
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Figure 2.4 Photodegradation of rhodamine B versus U V irradiation time for the RM-
and SG-TiOi films. Initial dye concentration is 4x10"^ mol dm"^ 
Blank(4); SG-Ti02(_); RM-Ti02(_). 
The condition for the photodegradation of rhodamine B is likely to be similar to that 
of the bactericidal experiment, since both of them are performed in aqueous solution. 
The reason that RM-TiO】 film shows a better photocatalytic activity in the gas phase 
but not the aqueous phase is predictable. The enhanced photocatalytic activity of 
RM-Ti02 film is attributed to its increased surface area. 
From the A F M results (Fig. 2.6)，the RM-TiO〗 film has a higher root mean square 
roughness value (Rrms) than the SG-Ti02 film. Hence, the RM-TiO〗 film has a 
larger surface area than the SG-Ti02 film. 
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For the degradation of acetone in the gas phase, as acetone molecules are small 
enough to diffuse into the porous structure of the RM-TiOi film, the larger surface 
area of the RM-TiO? film would give a better photocatalytic activity than the 
SG-Ti02 film in the gas phase, especially in the degradation of small organic 
pollutants. Also, the degraded products are small enough and they can easily 
diffuse away from the TiO】 film surface in the gas phase, leaving the new film 
surface for degrading the remaining acetone molecules. Therefore, the increment of 
photocatalytic activity of the RM-TiOz film is caused by the increment of touchable 
area for acetone with an increase in specific surface area. 
For the degradation of rhodamine B and the E. coli cells in the aqueous phase, the 
size of a rhodamine B molecule is less than 1 nm which is larger than that of acetone 
and the size of an E. coli cell is about 1 which is even larger, so it is not easy for 
them to diffuse into the porous structure of the RM-TiO〗 film. As a result, the 
increased surface area of the RM-TiO】 film does not result in enhanced 
photocatalytic activity towards the degradation of rhodamine B and E. coli. Also, 
when the experiment was performed, the dye solution and the bacterial cell solution 
‘ were put on the Ti02 coated glass slide without stirring. Diffusion of the 
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degradation products and the dead cells was not easy in such stationary aqueous 
phase, so the TiOi film surface was not utilized effectively and there was not too 
much difference between the two types of TiO? film in the degradation of rhodamine 
B and E. coli in aqueous phase. 
2.3.3 Thickness and transmittance of TiOi thin films 
As determined by a surface profiler (Alpha-step 500), the film thicknesses of the SG-
and RM-Ti02 were found to be 0.17 and 0.20 ^ im respectively. The two types of 
Ti02 thin film prepared by the above methods are optically transparent. Figure 2.5 
shows the UV-visible absorption spectra of SG- and RM-TiO? films deposited on 
glass, together with that of a plain glass substrate. The transmittance of glass is 
about 90 percent over the visible light spectral region and its absorption edge is at 
about 330 nm (curve a). The transmission spectra of the SG- and RM-TiO】 films on 
glass show some different features. 
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Figure 2.5 UV-Visible spectra of glass(a), RM-Ti02(b) and SG-Ti02(c) films 
deposited on glass. 
For the SG-Ti02 film, the transmittance is about 80 percent at wavelengths near 800 
nm (curve c), and it gradually drops at shorter wavelengths until it reaches its first 
minimum value of 55 percent at 450 nm. At even shorter wavelengths, the 
transmittance rises and reaches about 65 percent at 380 nm. After that, the 
transmittance decreases rather quickly, and finally approaches zero at around 320 
nm. 
For the RM-TiO: film, the transmittance is about 75 percent at wavelengths near 650 
nm and gradually rises at shorter wavelengths until it reaches its first maximum value 
of 88 percent at near 550 nm. At shorter wavelengths, the transmittance drops and 
reaches its minimum value of 70 percent at 450 nm. After that, the transmittance 
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increases and drops again, and at about 390 nm, it decreases rather quickly, finally 
approaching zero at around 330 nm. The oscillation of the curve between 380 and 
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800 nm is due to the interference between the TiO】 film and the glass substrate. 
The quick decrease below 380 nm is due to the absorption of light caused by the 
excitation of electrons from the valence band to the conduction band of TiOz. The 
difference in transmittance of the two types of TiOz films was attributed to the 
differences in film thickness and absorption of light. 
Compared with the transmission spectrum of SG-TiO? film, the absorption edge of 
RM-Ti02 film (curve b) is observed at a shorter wavelength range. The shift is 
considered to occur due to the difference in crystallites within the films. RM-TiO? 
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film consists of relatively small crystallites that show a pseudo-"blue shift". • As 
a result, the band gap of Ti02 in the RM-TiCh film increases, hence the 
reduction-oxidation potential of RM-TiO〗 is greater than that of SG-Ti02. The 
bactericidal activity of the RM-Ti02 film should be higher than that of the SG-TiCh 
film. There is a second factor to be considered, however. The U V light source in 
this study has an emission maximum at 365 nm, at which the SG-TiOi exhibits a 
stronger absorption. The effects of blue shift and U V absorption offset each other, 
resulting in two TiCh films with similar bactericidal activities. 
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2.3.4 Surface morphologies and roughness of thin films 
The surface morphologies and roughness of SG- and RM-TiO】 films are obviously 
different. Figure 2.6(a-d) shows the 2- and 3-dimensional atomic force microscopy 
(AFM) images of these films. From Figure 2.6a and 2.6b, the SG-TiOi thin film 
has granular microstmcture and is composed of spherical particles of about 80 nm in 
diameter. The porous structure between the TiOi particles is not clearly seen in 
SG-Ti02 film. Figure 2.6c and 2.6d show that RM-Ti02 film is composed of 
monodispersed spherical particles of about 15 nm in diameter and that there is a 
m e s o p o r o u s s t r u c t u r e b e t w e e n t h e m o n o d i s p e r s e d T i O ? p a r t i c l e s . 7 4 M o n o d i s p e r s i t y 
is an advantage of the reverse micelle route for synthesizing Ti02 nanoparticles by 
hydrolysis of titanium isopropoxide.?*，” There is competition for water molecules 
between the hydrolysis process and the hydration of surfactant polar heads. Growth 
limitations and uniform sized particle formation can be obtained by restructuring the 
surfactant molecules around the polar species formed during hydrolysis/^ 
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Figure 2.6 A F M 2D and 3D images of the SG-TiOz (a and b) and RM-TiO】(c and d) 
thin films deposited on glass. 
In addition to particle diameter, A F M image analysis also gives the value of surface 
roughness. The root mean square roughness value (Rrms) of SG- and RM-Ti02 are 
0.638 and 1.054 nm respectively. Figure 2.6b and 2.6d also show that RM-TiOi 
film is rougher than SG-Ti02 film. Since RM-TiO】 film is rougher and has a larger 
surface area for absorbing the irradiated U V radiation, it can compensate for the 
lower light intensity that can be utilized as the U V light source has an emission 
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maximum at 365 run. Therefore, it is not surprising that even though the RM-TiO? 
film has a larger surface area, its bactericidal activity and photocatalytic activity for 
degradation of rhodamine B in aqueous solution is similar to that of the SG-TiO】 film. 
Moreover, the small acetone molecules can diffuse into the porous structure of the 
RM-Ti02 film so the larger surface area of the RM-TiO? film is beneficial for the 
degradation of acetone in the gas phase and hence it shows better photocatalytic 
activity when compared with the SG-Ti02 film. Since the rhodamine B molecules 
and the E. coli cells are too large to diffuse into the porous structure of RM-TiO】 film, 
the increased surface area in the pores cannot be used to give enhanced 
photocatalytic activities as the photodegradation process occurs only when the 
substrates are in contact with the Ti02 film surface. 
2.3.5 Crystalline phase and crystallite size of thin films 
The X R D patterns of the SG- and RM-Ti02 films deposited on glass are shown in 
Figure 2.7. The peaks appear sharper for the SG-Ti02 film, which means its 
crystalline size is larger than that of the RM-TiOz. The average crystallite size of 
the SG- and RM-TiO: films were 7.2 and 5.7 nm measured by the line broadening 
method and the Scherrer equation. These values are much smaller than that 
obtained from A F M measurements because A F M tends to show the overall 
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aggregates rather than individual crystal grain. In addition, the width at the half 
height of the main peak of anatase structure of SG-TiOi film is narrower than that of 
the RM-Ti02 film. This indicates the formation of greater crystallites in the 
SG-Ti02 film. The apparent "blue shift" in Figure 2.5 of the RM-TiOz film also 
confirms the presence of smaller crystallites in RM-TiO: films. 
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Figure 2.7 X R D patterns of Ti02 thin films deposited on glass (the thickness of the 
SG- and RM-TiO〗 thin films are 0.17 and 0.20 |im respectively). 
2.3.6 XPS Studies 
Figure 2.8 shows the XPS survey spectra of the RM-Ti02 (a) and SG-TiOz (b) thin 
films. It can be seen that both of the Ti02 thin films contain Ti, 0，C and Na 
elements. The photoelectron peak for Ti2p appears clearly at binding energy, _Eb，of 
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458 eV, 01s at ^ b=530 eV, Cls at ^ b=285 eV, Nals at 五b=1072 eV and Nakll at 
£"b=496 eV. The Na peak observed in both of the spectra of the TiOi thin films 
implies that sodium ions migrate from the glass substrates into the film and that some 
chemical reactions might occur at the interface between the films and the glass 
s u b s t r a t e s . 7 2 ’ 89’ 90 As shown in Table 2.1，the amounts of sodium on the surface of 
the film as measured by XPS are 14.4 and 8.5 atom percentage for RM- and SG-TiOz 
samples, respectively. The incorporation of Na could account for the less 
crystallized state of titanium dioxide when it is deposited on glass.^ '^几 9i The 
element C in Figure 2.8 is attributed to the residual carbon from organic precursor 
solution and the adventitious hydrocarbon from the XPS instrument itself. The C 
content in Table 2.1 originates mainly from residual carbon such as unhydrolyzed 
alkoxide groups, carbonate, etc. 
Table 2.1 Composition (atom percentage / %) of RM- and SG-TiO: thin films 
according to XPS analysis. 
Films Ti O | C | Na 
RM-Ti02 ^ 51.6 9.6 144 
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Figure 2.8 XPS survey spectra for the RM-TiO: (a) and SG-TiO〗(b) thin film. 
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Figure 2.9 High resolution XPS spectra of the 01s region for the RM-Ti02 (a) and 
SG-Ti02 (b) thin films. 
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Figure 2.9 shows the high resolution XPS spectra of the 01s region for RM-Ti02 (a) 
and SG-Ti02 (b) thin films. The 01s region is composed of two peaks. The main 
peak is attributed to Ti-0 in Ti02 while the minor peak is attributed to the hydroxyl 
group. Table 2.2 lists the results of curve fitting of XPS spectra for the two Ti02 
samples, where ri (percent) shows the ratio of each contribution to the total of all the 
2 kinds of oxygen contributions. As seen in Table 2.2 and Figure 2.8，the hydroxyl 
content of the RM-Ti02 sample is only slightly higher than that of the SG-Ti02 
sample. Usually, the hydroxyl content on the surface of Ti02 films is related to the 
photocatalytic activity,therefore we would expect the RM-and SG-Ti02 thin 
films to display similar bactericidal activities. 
Table 2.2 Results of curve-fitting of the high resolution XPS spectra for the 01s 
region. 
Film (eV) r! ( % ) — 
RM-Ti02 01s (Ti-0) 529.90 83.3 
01s (OH) 531.90 — 16.7 
SG-Ti02 01s (Ti-0) 529.85 84.9 —  
I 01s (OH) 531.90 15.1 — 
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C H A P T E R 3 DISINFECTION B Y VISIBLE L I G H T 
IRRADIATED TiOj 
3.1 Introduction 
The photocatalytic purification of water by irradiated titanium dioxide particles has 
proven to be a very effective process, leading to the complete mineralization of 
organic substrates 腳’ 34(b) ^ ^ killing of bacteria^ '^必今斗 and cancer cells.^ ^ 
However, as mentioned in chapter 1，only U V light with wavelength less than 387.5 
nm is energetic enough to excite the electrons in the valence band to the conduction 
band of TiCh and generate the electron-hole pairs. Therefore, in order to initiate the 
photocatalytic reactions, we have to supply artificial U V source, which requires high 
power and cost. It is known that the fraction of solar UV-light reaching the surface 
of the earth and available to excite Ti02 is relatively small (ca. 3-5% of the solar 
spectrum). As a result, recent efforts have been focused at exploring means to use a 
greater quantity of the inexhaustible visible sunlight for environmental remediation 
with the aid of Ti02. One of the methods for achieving this purpose is the use of 
dye as photosensitizer to absorb the sunlight. Electron transfer processes occurring 
between dyes and semiconductors, especially TiO?，have been examined and found 
to have practical potential.^ '^^ ^ This idea was initiated by the use of dye as 
photosensitizer to absorb the solar light for storing the energy in solar cell.^ "^^ ^ In 
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such a case, solar energy is converted to electrical energy and hence the problem of 
energy shortage may be solved. Many of the researchers studied the 
photosensitized degradation of dye as well. Since dyestuffs represent a class of 
organic p o l l u t a n t s ，⑴】 - " 8 that means the dye on one hand acts as a photosensitizer to 
absorb the solar light and on the other hand is degraded in the photocatalytic reaction 
of Ti02. Kamat et al. was one of the earlier pioneers who recognized the potential 
of this process for the remediation of hazardous colored c o m p o u n d s . ^ T h e 
initial steps of the mechanism for the photocatalytic degradation of dyes under 
visible light irradiated Ti02 are different from that under U V irradiated Ti02.97(a)’ 
110-118’122 
The photodegradation of dye in TiO! dispersions irradiated with visible light may 
proceed by two possible routes: (i) a route implicating a singlet oxygen where TiO? is 
not involved (Eqs. 3-1 to 3-3) ^^ ^ and (ii) a route involving electron transfer from 
an excited state of the dye molecule to the Ti02 particles. 
Dye + hv -> Dye* 3_1 
Dye* + O2 Dye + 3-2 
Dye + IO2* Dye02 + Degraded products 3-3 
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Dye* and 'O2* represent the excited dye molecule and the excited singlet oxygen 
respectively. 
Mechanism (ii) involves electron injection from the excited dye molecule adsorbed 
on the TiOz surface, into the conduction band of Ti02 semiconductor (Eq. 3-4). 120’ 126 
Dye*ads + Ti02 + Dye^-ads + Ti02(e) 3-4 
Note that in route (i), the dye molecule does not necessarily adsorb on the TiO〗 
particle, however, it is necessary for the dye molecule to adsorb on the Ti02 particle 
if the reaction proceeds through route (ii). 
The transferred electron can subsequently be trapped by molecular oxygen, also 
adsorbed on the Ti02 particle surface, to form O〗.— which can then generate highly 
active O O H and O H radicals (Eqs. 3-5 to 
Ti02(e) + O2 -> Ti02 + 02— 3-5 
O2.- + H+ + O O H 3-6 
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O O H + H+ + Ti02(e) + H2O2 + TiOz 3-7 
H2O2 + Ti02(e) + O H + OH" + TiO? 3-8 
The dye cation radical (Dye+.ads) formed at the Ti02 surface does not rapidly 
recombine with the injected electron since Dye+.ads appears to interact effectively 
with O2.— (or O2), O O H or .OH species to generate intermediates (Eq. 3-9 or 3-10) 
that ultimately leads to the evolution of CO2 by some complicated photo- or 
auto-oxidation reactions. Moreover, the dye cation radical could also undergo some 
intramolecular chemical changes, which also lead to the observed product (Eq. 3-11). 
Dye+.ads + O2.- (or O2) + DyeOz Degraded products 3-9 
Dye+.ads + O O H (or OH) -> Degraded products 3-10 
Dye+.ads — Degraded products 3-II 
The principle of photosensitization of TiO? is illustrated in Figure 3.1 which 
indicates the primary electron transfer pathway. 
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〇2 dye 木 
〇2 dye 
h / \ I / ^ V 
\ \ Yg / degradation 
\, 」 \ / products 
- O H V / 
•〇〇H 
Figure 3.1 The primary electron transfer pathway for the dye sensitization of TiO? 
under visible light excitation 
In comparing Figure 3.1 with Figure 1.1，we can notice the differences in the initial 
excitation steps of TiCh excited by the visible light and U V light for the generation of 
the oxidizing species. The differences can be summarized in the following scheme. 
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Scheme 3.1 Differences between the initial excitation steps of dye-sensitized TiO] 
and normal Ti02 under visible light and U V light respectively. 
Dve sensitization (visible light) Direct band sav excitation (UV light) 
Dye + hv-> Dye* TiOz + hv-> h+vB + e'cB 
Dye* + Ti02 ^  Dye-+ + Ti02 (e cb) c'cb + 02"^ (V 
e'cB + O2 + O2' O2" + H+ + O O H 
Dye.+ degraded products O O H + H+ + e'cB 今 H2O2 
Dye-+ + O2. degraded products H2O2 + e cb O H + O H 
O2 ", O O H , O H + degrade pollutants H2O + h+vB 今 O H + H+ 
or kill bacteria O2 ", O O H , O H ^ degrade pollutants 
or kill bacteria 
52 
If the dye is reactive enough, the excited dye molecule, dye.+ will be degraded easily 
either by self-destruction or by oxidation with O2.. 
Dye-sensitized TiO】 may also be used to degrade organic compounds other than the 
dye pollutants. 100’ ^ ^^  In this case, if our target is the organic compounds, not the 
dye sensitizer, we would like to produce a longer lasting sensitized TiCh system and 
we do not want the dye to be degraded as well. We only want the dye to absorb the 
visible light, and then generate the essential oxidizing species on the TiOa surface. 
So the ideal sensitizer should have the following characteristics: 
(1) Good adsorption on the Ti02 surface so that it is not washed away easily. 
Otherwise, the electron transfer process between the excited dye molecule and 
the Ti02 cannot proceed. Also, the desorbed dye may become the pollutant. 
(2) High stability in the presence of Ti02 under visible light irradiation. 
(3) Broad absorption in the visible spectrum so that the solar light can be used 
effectively. 
However, only a few dyes have all of the above characteristics^ ^^ '^ ^^  and most of 
them are degraded under the visible light irradiated Ti02 condition in a short period 
of time. 101-118 
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In this part of the work, the idea of using dye-sensitized Ti02 to mineralize organic 
compounds is extended to kill the bacterium E. coli. Since the bacterial cells are 
made up of organic compounds, we believe that they can be killed in the same way 
as the mineralization of other organic compounds by dye-sensitized TiO? under 
visible light irradiation. 
Most of the microorganisms have developed resistance to solar U V light, this can be 
done by the repair mechanism in the cells, so alternative methods for disinfection 
should be developed. Attempts have been made by other researchers to use solar 
light and Ti02 (without sensitizers) for water disinfection.^ '^ ^^^ Since about 
3-5% of solar light belongs to the U V region (300-400 nm), it is believed that TiOj 
can be activated by the solar U V spectrum and then generate the essential oxidizing 
agents for killing the microorganisms. This idea was based on some works in 
studying the solar photocatalytic oxidation of organic compounds on solar light 
irradiated TiOz.^ ^^ '^ ^^  Though there was success in using TiO: and solar light for 
killing the target bacterium in the study (mostly E. coli which is a relatively easy 
killing target), it is not effective enough to use plain TiO: without sensitizer since 
only a small fraction of the solar light is being utilized. Also, in the real 
environment, there are different types of bacteria, virus and pathogens, that may be 
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more difficult to kill. So in order to make the TiOi/solar light system more 
effective and practical for water disinfection, using dye-sensitized TiO〗 instead of 
plain Ti02 should be a better choice. 
Waterbome diseases are originated by the bacteria and pathogens in the water. If 
sunlight can be used to kill them in the presence of dye-sensitized TiOi, not only is 
energy as well as money saved, but the transmission of waterbome diseases can also 
be prevented to some extent. So with this target in mind, we have prepared a 
dye-sensitized Ti02 film using copper(II) phthalocyaninetetrasulfonic acid (CuPcTs) 
as the sensitizer and studied its bactericidal effect under visible light. CuPcTs was 
chose as it has high absorption in the visible range and it would not be degraded by 
the oxidizing species generated in such environment, it also adsorbed strongly on the 
Ti02 films and would not be washed away easily. In order to use the dye just as a 
sensitizer and without self-destruction, a stable dye that cannot be degraded easily by 
the generated oxidizing species should be employed. As shown in the result, the 
amount of CuPcTs adsorbed on Ti02 and irradiated by visible light for 100 minutes 
remains constant; therefore CuPcTs is stable enough for performing the bactericidal 
experiment. 
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CuPcTs is a kind of metallophthalocyanine (MPc), very stable dyes with high 






The redox ability of MPc can be changed by varying the central metal ion and 
CuPcTs has a high redox activity. From ref. 128，the redox potential of the couple 
Pc.+/Pc (E pc+/pc) is about 1.2 V vs. N H E and the Pc singlet excitation energy is 
calculated as 1.8 eV, therefore, the redox potential of the Pc.+WPc couple should be 
located at ca. -0.6 V v^ . NHE, negative enough to allow injection into the TiOi 
conduction band which is ca. -0.5 V vs. NHE. 
W e have found that CuPcTs has good adsorption on the TiCh surface as well as high 
thermal stability. Also upon visible light irradiation, the CuPcTs adsorbed Ti02 
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does not fade, which means it has high stability and would not be degraded easily. 
All of the above characteristics of CuPcTs make it a favorable choice for studying 
the bactericidal effect of the dye-sensitized TiO? under visible light. 
The principle of using dye-sensitized TiOi with solar irradiation to kill bacteria is 
similar to that of using U V irradiated TiOi as done in chapter 2. Since oxidizing 
species such as O 2， O O H and O H are generated by the solar light irradiated 
dye-sensitized Ti02. Such species are also generated in the U V irradiated TiO】 
system. However, the initial steps for generating those oxidizing species are 
different in the two systems. The bacterial cells are sensitive to these oxidizing 
species and would be killed by them once they can no longer tolerate such an 
environment. Dye-sensitized Ti02 with solar irradiation is of great importance 
because both harmful microorganisms and organic pollutants can be degraded easily 
with the help of sunlight. The application of TiOz can then be extended to not only 




Sodium lime glass Petri dishes, 060 m m , were used, titanium dioxide (P25) was 
from Degussa company (Germany), phosphate buffer solution, Copper(II) 
phthalocyaninetetrasulfonic acid (CuPcTs), dimethyl formamide were from Aldrich 
Chemical Company. Millipore water was used in all the experiments. 
3.2.2 Preparation of TiOz films 
Commercial TiO? powder (P25, Degussa AG, Germany, a mixture of ca. 20 percent 
mtile and 80 percent anatase, BET surface area 55 m^/g) (50 mg) was ground in a 
porcelain mortar with a small amount of water (0.5 ml) containing acetylacetone to 
prevent reaggregation of the particles. After the powder had been dispersed by the 
high shear forces in the paste, it was diluted by slow addition of water (1.5 ml) under 
continuing grinding. Finally a surfactant (Triton X-100, Aldrich) was added to 
facilitate the spreading of the colloid on the substrate. Then the colloid was added 
to the petri dish under stirring. After air-drying at room temperature, the Petri 
dishes were calcinated for 30 min at 450°C in air. 
Aqueous solution of CuPcTs with concentration of 2x10''^  M was prepared. The 
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prepared TiCh films were immersed in the dye solution. After dying for 1，2，4，and 
6 h, the films were taken out, and heated at 110°C in the oven for 2 h. 
In the experiment to study the stability of the CuPcTs adsorbed on the TiOz films 
under visible light irradiation, 2 m L of distilled water was poured onto the Petri dish 
coated with the dye adsorbed TiO? film, and then it was irradiated under a 100 W 
tungsten halogen lamp fitted with a cut-off filter that prevented visible light with 
wavelength < 420 nm from passing through. The lamp was positioned at 6 cm 
above the Petri dish and that corresponded to a light intensity of 10 m W • cm"^. 
After 100 min irradiation, the absorbance of the dye adsorbed on the TiO: film was 
measured with a Gary 100 Scan UV/Vis spectrophotometer fitted with a diffusive 
reflectance attachment. 
3.2.3 Culture of microorganism 
Cultures of E. coli DH5a cells were grown aerobically in 30 m L of Luria-Bertani 
(LB) broth at 37°C on a rotary shaker (170 rpm) for 18 h. E. coli cells were 
harvested by centrifugation at 6000 x g (4°C) for 5 min, washed and resuspended in 5 
m L phosphate buffer solution (PBS). Serial dilution of this stock E. co/i-containing 
stock solution with PBS was performed to yield starting concentrations of 10^ colony 
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forming units, CFUmr\ The CFUs were determined by spreading appropriate 
dilutions on duplicate LB agar plates and incubated for 24 h at 37°C and then the 
number of colonies on the plates was counted. All materials were autoclaved at 
121°C for 20 min to ensure sterility. 
3.2.4 Bactericidal activity 
2 m L of E. coli cell suspension was pipetted onto the prepared dye-sensitized TiOi 
Petri dish. A 100 W tungsten halogen lamp fitted with a cut-off filter that only 
allowed light of wavelength > 420 nm to pass was irradiated from 6 cm above the 
一 2 
Petri dish. The intensity of the illumination was measured to be 10 m W • cm" at 
the sample position. For each sample, 20 fi 1 aliquots of the cell suspensions were 
plated on duplicate LB agar plates at 10 min intervals. The plates were then 
incubated at 37°C for 24 h and then the number of colonies on the plates was 
counted. 
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3.3 Results and Discussions 
3.3.1 Dye adsorbed TiO! film stability 
After correction with the background i.e. the plain TiCh film with no adsorbed dye, 
the absorbance of the CuPcTs adsorbed Ti02 film before and after visible light 
irradiation was compared and the results are shown in Figure 3.2. The absorption 
of CuPcTs in the visible range did not change after 100 min of visible light 
irradiation. This indicates that the films prepared were stable under visible 
irradiation and can be used for the bactericidal experiments. 
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Figure 3.2 Absorption spectra of the CuPcTs adsorbed on the Ti02 surface before 
and after visible light irradiation for 100 min. 
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3.3.2 Bactericidal activity of the dye-sensitized TiO： films 
The photo-assisted bactericidal effects of the dye-sensitized films for E. coli cells 
were tested under different conditions. The survival ratios under such conditions 
are shown in Figure 3.3. Bactericidal inactivation by Ti02 put in the dark (curve a), 
Ti02 put under visible light irradiation (curve b) and CuPcTs put under visible light 
irradiation (curve c) does not occur in our experimental set-up. The bactericidal 
inactivation occurs only with visible light irradiated dye adsorbed TiO】 film. 
I .2 -, 
"(S 
—0 . 6 -
CD 
' > -
^ O . i -
0.2 -
0.0 -| 1 1 1 1 1 1 1 1 1 1 1 1  
0 to 20 30 t o 50 60 
Tim e, min 
Figure 3.3 Bactericidal effect of the samples: a. Ti02 in the dark; b. Ti02 under 
visible light irradiation; c. CuPcTs under visible light irradiation. 
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Figure 3.4 Bactericidal effects of CuPcTs-sensitized Ti02 films prepared with 
dying time of: a. 1 hr; b. 2 hr; c. 4 hr; d. 6.hr. 
As shown in Figure 3.4，the CuPcTs-sensitized TiCh films have higher bactericidal 
activities at longer dying time. About 85 percent of the E. coli cells were killed in 
one hour on the film prepared with a dyeing time of 6 hr (curve d). The bactericidal 
effect is therefore dependent on the dyeing time and hence the amount of dye 
adsorbed. Similar observations have been reported in the field of dye-sensitized 
solar cells showing that their energy conversion is dependent on the coverage of the 
dye on the surface of Ti02 films. In the aerated aqueous solution, dissolved oxygen 
molecules accept an electron from the conduction band of Ti02 and are transformed 
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into superoxide anion radicals, which react with H2O and generate other oxidative 
species such as hydrogen peroxide and hydroxyl radicals. The amount of the 
generated oxidative species directly influences the killing rate of E. coli cells. 
3.3.3 Bactericidal mechanism of the films under irradiation 
Since Degussa P25 is composed of mtile and anatase, the band-gap is between 
3.0-3.2 eV. U V light < 387.5 nm) may directly excite TiOz and produce 
electron-hole pairs, and further generate hydroxyl radicals and other oxidizing 
species in aqueous solution. Under visible light irradiation (presently used, X > 420 
nm), the excited molecule in the system of metalphthalocyanine/Ti02 is the dye 
molecule but not the TiO: semiconductor itself. 
Upon visible light excitation, CuPcTs adsorbed on Ti02 is excited and subsequently 
the excited electrons are injected into the conduction band (CB) of TiO!. While the 
conduction band acts as a mediator for transferring electrons from the dye to 
substrate electron acceptors on Ti02 surface, the valence band (VB) remains 
unaffected. In the presence of Ti02, the electron injection from the excited dye to 
the CB of Ti02 is faster than the direct relaxation to the ground state. Therefore, 
further reaction can proceed. (Eqs. 3-12 to 3-13) 
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Dye + hv Dye* 3-12 
Dye* + TiOz — Dye.+ + Ti02(e"cB) 3-13 
In aerated circumstances, oxygen dissolved in the aqueous solution traps an electron 
in CB of Ti02 and forms superoxide anion radicals (Eqs. 3-14). The generated 
superoxide anion radicals may act as an electron donor and transform into dioxygen 
(Eqs. 3-15). 
e"cB + O2 -> 02 ' 3-14 
Dye.+ + 02.-— Dye + O2 3-15 
The generated superoxide anion radicals (O2 ') may also react with H+ in the system, 
which forms hydroxyl radicals, hydrogen peroxide radicals, etc. (Eqs. 3-16 to 3-19). 
Hydroxyl radicals are the strongest oxidants among the mentioned generated species 
that can promote the bactericidal effect of the system. The initial elementary 
reactions are listed as follows. 
02.- + H + — H O O 3-16 
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H O O . + H+ + e_cB— H2O2 3-17 
H2O2 +e'cB — HO. + OH- 3-18 
HO-/ H2O2/ O2 " + cell — damaged cell 3-19 
The sensitized photocatalytic surface first contacts the E. coli cell. The oxidative 
species generated attack the membrane of the cells, and cause further damage to the 
membrane and kill the bacteria. This is the key step leading to the death of the cell 
body. The extent of killing was inversely proportional to the thickness and the 
complexity of the cell wall. Some scientists proposed the detailed bactericidal 
mechanism of Ti02. For instance, Saito'^ "^  and coworkers proposed that the Ti02 
photochemical reaction caused disruption of the cell membrane and the cell wall. 
Sunada et al.,从 who studied E. coli, found that the endotoxin, an integral component 
of the outer membrane, was destroyed under photocatalytic conditions when TiOi 
was used. More direct evidence that outer membrane damage occurs was recently 
discovered. Maness et al尸 reported that Ti02 photocatalytic reaction indeed 
caused lipid peroxidation to take place and as a result, normal functions associated 
with an intact membrane, such as respiratory activity, are lost. It should be noted 
that the loss of respiratory activity at the membrane is restricted to bacteria where 
respiration takes place on the plasma membrane, unlike species such as yeasts where 
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it is in an intracellular organelle (mitochondrion). The oxidative damage takes 
place on the underlying bacterial cell after destruction of the cell membrane. 
Photocatalytic action progressively increases the cell wall permeability. However, 
the damaging processes of the bacterial cells in TiOi photocatalytic systems are not 
entirely clear. Since the photosensitized inhibition of bacteria on the surface of the 
copperphthalocyanine-sensitized TiOi films in this work probably originates from 
the generation of oxidative species, the destruction of the membrane of the cell is 
possibly the main reason for the killing of the bacteria. 
67 
C H A P T E R 4 C O N C L U S I O N S 
Three types of Ti02 thin films were successfully prepared. The transparent Ti02 
thin films prepared by the sol-gel and the reverse micelle methods show significant 
bactericidal activity under U V irradiation while the dye-sensitized Ti02 thin film 
shows significant bactericidal activity under visible light irradiation. The 
as-prepared Ti02 thin films were characterized by X-ray photoelectron spectroscopy 
(XPS), atomic force microscopy (AFM), X-ray diffraction (XRD) and UV-visible 
spectrometry. Based on these characterization results, the particle size of both Ti02 
thin films is in nano-scale and the Ti02 thin film prepared by the reverse micelle 
method shows mesoporous structure. 
Both of the Ti02 thin films prepared by the sol-gel and the reverse micelle methods 
can kill the E. coli DH5a, JM109 and XLl Blue M R F effectively. The RM-TiO? 
film gave an overall better bactericidal activity towards DH5a than the SG-Ti02 film, 
while SG-Ti02 film gave an overall better bactericidal activity towards JM109 and 
XLl Blue MRF'. Such results may be contributed to the different physical 
properties of the strains, such as size and shape of the bacterial cells. Different 
trends were obtained for the three different initial concentrations for E. coli. 
However, the higher the initial cell concentration, the longer the time taken to lower 
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the survival percentage of E. coli. 
RM-Ti02 films display higher photocatalytic activity than that of SG-Ti02 films in 
the gaseous phase degradation of acetone/^ this is because the molecular size of 
acetone is small enough to diffuse into the porous structure of the RM-TiO〗 film, and 
hence the increased surface area of the RM-TiO〗 film can be utilized effectively and 
then give enhanced photocatalytic activity when compared with the SG-TiOi film. 
However, their photocatalytic activities as measured by the aqueous phase 
degradation of Rhodamine B and E. coli are about the same. This is because the 
molecular size of Rhodamine B and E. coli cells are too large to diffuse into the 
porous structure of the RM-Ti02 film, the substrates cannot come into direct contact 
with the surface inside the pores. With no direct contact, the substrates cannot be 
degraded even though the oxidizing species are generated upon U V irradiation. 
Therefore, the increased surface area of the RM-TiOi film give no benefit to the 
photocatalytic activity and it behaves about the same as the SG-TiO〗 film when the 
substrates cannot diffuse into the porous structure. 
The dye-sensitized Ti02 film can kill more than 85% E. coli DH5a after 60 min of 
visible light irradiation. It was found that a longer time for the dye to adsorb on the 
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Ti02 film would give a better bactericidal activity. The dye-sensitized TiCh film 
has potential to be used in the real environment to kill bacteria. It can then utilize 
the visible light for self-sterilization and self-cleaning. 
The initial steps of the mechanism for the two systems (UV and visible light 
irradiated) are totally different. 
Studies of the bactericidal effect of TiO! towards different types of bacteria and the 
development of an anti-bacterial surface should be done in the future. 
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